Chemical Co. (St. Louis, MO, U.S.A.). Apigenin, quercetin, flavanone, and rutin were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Eriodictyol, diosmetin, and pinocembrine were purchased from Extrasynthese S.A. (Genay, France). Chrysin was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). (ϩ)-Taxifolin was purchased from Alexis Co. (Lousen, Switzerland). 7-Hydroxyflavanone was purchased from Alfa Aesar GmbH & Co. KG. (Karlsruhe, Germany). Baicalein and morin were purchased from Aldrich Chemical Co. (Milwaukee, WI, U.S.A.). 6b-Hydroxytestosterone (OHTS) was purchased from Sumika Chemical Analysis Service, Ltd. (Osaka, Japan). Nicotinamide adenine dinucleotide phosphate (NADP), glucose-6-phosphate · 2 Na (G6P) and glucose-6-phosphate dehydrogenase (G6PDH) were purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan). Pooled human hepatic microsomes (HLM) were purchased from BD Biosciences (San Jose, CA, U.S.A.). All other chemicals were reagent-or HPLC-grade commercial products.
Inhibitory Effects of Flavonoids on TST 6b b-Hydroxylate Inhibition experiments were performed following a method reported by Nishikawa et al. 9) with slight modifications. The reaction mixture contained 0.6 mM NADP, 6 mM G6P, 2 Units/ml G6PDH, inhibitor (0.5% DMSO as negative control, 100 mM ketoconazole as positive control, or 0.01-300 mM flavonoid), and 50 mM TST in 100 mM phosphate buffer (pH 7.4). The reaction mixture was incubated at 37°C for 5 min, and the reaction was started by the addition of 0.1 mg protein/ml HLM to the reaction mixture. Whole mixtures were incubated at 37°C for 10 min, and the reaction was terminated by adding 500 ml toluene.
The assay of OHTS and TST was conducted by means of the HPLC-UV method reported by Nishikawa et al. 9) with slight modifications. One hundred microliters of 100 mM NaOH, 600 ng of carbamazepine as an internal standard, 400 ml of methanol, 2 ml of ultra pure water, and 5 ml of toluene were added to 300 ml of the sample, and the mixture was shaken at 280 strokes/min for 10 min. After centrifugation at 1630ϫg for 20 min, the upper layer was collected and evaporated to dryness at 65°C under a stream of N 2 . The residue was then dissolved in the HPLC mobile phase (50 mM phosphate buffer, pH 6.0 : methanol : acetonitrileϭ 50 : 46 : 4), and the upper layer was injected into the HPLC column and the absorbance was measured at 230 nm with an UV detector (SPD-6A, Shimadzu, Kyoto, Japan). The HPLC apparatus and conditions were as follows: auto injector, Shimadzu SIL-9A; pump, Shimadzu LC-10AS; column, STR ODS-II (5 mm, 250 mmϫ4 mm i.d.); column temperature, 45°C; and flow rate, 1.0 ml/min. The retention times for OHTS, TST, and carbamazepine were ca. 8, 30, and 10 min, respectively. The calibration curves for OHTS (0.25-4 mM) and TST (2.5-50 mM) showed good linearity (R 2 Ͼ0.997). Determination of IC 50 of Flavonoids To determine the IC 50 values of the flavonoids on the activity of TST 6b-hydroxylate, the following equations was fitted to the observed data of the activity of TST 6b-hydroxylate using a non-linear least-squares regression analysis program, MULTI 10) ; where V and V 0 are the activity of TST 6b-hydroxylate in the presence or absence of the flavonoid, respectively, and the ratio (V/V 0 ) represents the residual rate of CYP3A activity (% of control).
[I] and g are the concentrations of the flavonoids (mM) and sigmoid factor, respectively.
Because the IC 50 values were more than 100 mM for poor inhibitors, IC 50 values were considered to be inappropriate for the quantitative analysis. Therefore, the subsequent analysis was evaluated by the inhibitory effects of 10 mM flavonoids.
Relationship between the Inhibitory Effects on CYP3A Activity and the Basal Structure of Flavonoids By comparison of the inhibitory effects by 10 mM flavones, flavanones, or isoflavones with the same substituent, we evaluated the influence of the basal structure of flavonoids on their inhibitory effects on CYP3A activity.
Effects of Substituents on the Inhibitory Effects of Flavonoids on CYP3A Activity By comparison of the inhibitory effects by 10 mM flavonoids with same basal structure and different substituents, we evaluated the influence of the substituents on the inhibitory effects of flavonoids on CYP3A activity. We evaluated that hydroxylation of positions 3, 5, 6, 7, 2Ј, 3Ј, 4Ј, or 5Ј, and methoxylation of position 4Ј.
Multivariate Analysis Quantification Theory type I was used to compare the inhibitory effects of flavonoids with particular structural features on CYP3A activity. The outside variable was the inhibitory effects of flavonoids at 10 mM on CYP3A activity, and the items were the basal structure of the flavonoid (flavone, flavanone, and isoflavone) or the kind of the substituent at the 7-, 2Ј-, 3Ј-, and 4Ј-positions (hydrogen, hydroxyl, and methoxyl, respectively). The items were selected by the coefficient of determination adjusted for the degree of freedom.
Data Analysis Inhibitory effect of each flavonoid was presented as the percentage inhibition (percentage of the formation rate of OHTS in the presence of a flavonoid to that in the absence of the flavonoid (control)).
The significance of the difference between the mean values was determined by paired t-test, unpaired t-test, or analysis of variance followed by Dunnett's test, and the correlation analysis was evaluated by Pearson's correlation analysis. A p value of less than 0.05 was considered statistically significant.
RESULTS

Inhibitory Effects of Flavonoids on CYP3A Activity
Chrysin, apigenin, baicalein, kaempferol, luteolin, morin, myricetin, acacetin, diosmetin, flavanone, 7-hydroxyflavanone, pinocembrin, naringenin, eriodictyol, taxifolin, hesperetin, daidzein, and genistein inhibited CYP3A activity in a concentration-dependent manner (Fig. 2, Table 2 ). 3-Hydroxyflavone and 7-hydroxyflavone inhibited CYP3A activity, but the inhibitory effects were not concentration-dependent. Flavone and 5-hydroxyflavone at less than 100 mM did not inhibit CYP3A activity. Apigenin was the strongest inhibitor of CYP3A activity in this study (IC 50 ϭ1.5 mM).
Relationship between the Inhibitory Effects on CYP3A Activity and the Molecular Characteristics of Flavonoids
No relationships between the inhibitory effects of 10 mM flavonoids on CYP3A activity and molecular weight or calculated log P value (C log P) of flavonoids were recognized. However, the inhibitory effect was weakly correlated with acid dissociation constant (pK a ) with a correlation coefficient (r 2 ) of 0.209 (pϽ0.05) (Fig. 3) . Relationship between the Inhibitory Effects on CYP3A Activity and the Basal Structure of Flavonoids The inhibitory effects on CYP3A activity of the flavanone group (mean percentage of activity; 19.5%) were significantly smaller than those of the flavone group with the same substituents (mean percentage of activity; 55.4%) (Fig. 4A) . In addition, the inhibitory effect on CYP3A activity of isoflavones (genistein; 34.1%) was smaller than those of isoflavones with the same substituents, we evaluated the influence of the basal structure of flavonoids on the inhibitory effects on CYP3A activity. In namely, flavone, 7-hydroxyflavone, chrysin, apigenin, luteolin, quercetin, and diosmetin in the flavones group were compared to flavanone, 7-hydroxyflavanone, pinocembrine, naringenin, eriodictyol, taxifolin, and hesperetin in the flavanone group, respectively. In addition, apigenin in the flavones group was compared to genistein in the isoflavone group. The significance of the differences between flavones and flavanones was determined by paired Student's t-test ( * pϽ0.05). (B) The figure represents the comparison of all the samples in this study. Flavone (nϭ14) and flavanone (nϭ7) represent the meanϮS.E. Isoflavone represents raw data (nϭ2). The significance of the differences between flavones and flavanones was determined by unpaired Student's t-test ( † pϽ0.05). flavones with the same substituents (apigenin; 91.5%) (Fig.  4A) . The investigation of all samples also showed that flavones had stronger inhibitory effects on CYP 3A activity than flavanones or isoflavones (Fig. 4B) .
Effects of the Substituents on the Inhibitory Effects of Flavonoids on CYP3A Activity Hydroxylation at position 7 or 4Ј increased the inhibitory effects on CYP3A activity; while hydroxylation at position 2Ј or 3Ј decreased the inhibitory effects (Tables 3, 4 ). Methoxylation at position 4Ј decreased the inhibitory effects on CYP3A activity (Tables 3,  4) .
Multivariate Analysis
The basal structure of flavonoids and the substituents at positions 7, 2Ј, 3Ј, and 4Ј significantly affected the inhibitory effects on CYP3A activity but the substituents at positions 3, 5, 6, and 5Ј did not (Table 4 ). In addition, the inhibitory effects on CYP3A activity were able to explain 73.2% (coefficient of determination: R 2 ϭ0.732) by five items.
This analysis suggested that flavonoids inhibit CYP3A activity in the rank order flavoneϾflavanoneϾisoflavone. In addition, it was suggested that the substitution at position 4Ј inhibits CYP3A activity in the rank order hydroxylϾ methoxylϾhydrogen.
DISCUSSION
In the past, it has been reported that the inhibitory effects on CYP3A activity of glycosides of apigenin, naringenin, and hesperetin were weaker than those of their aglycones. 6) We showed that the inhibitory effect on CYP3A activity of rutin was significantly weaker than those of quercetin, its aglycon (data not shown). In addition, though the portal serum from rats after oral ingestion of Propolis, which contains many flavonoid aglycones, strongly inhibited the activity of CYP3A, the ingestion of flavonoid-glycoside rich Passion Flower etc. did not (data not shown). Therefore, we focused on the inhibitory effect of the flavonoid aglycons in this structure-activity analysis.
Most flavonoids inhibited CYP3A activity and IC 50 of apigenin and flavone were 1.5 mM and more than 100 mM, respectively ( Table 2 ). These results showed that the minor changes in the structure of flavonoids induced major changes in the inhibitory effects.
We investigated the relationship between the molecular characteristics of flavonoids and their inhibitory effects on CYP3A activity. Our data did not show a relationship between the inhibitory effects and the ClogP of flavonoids, but Lewis et al. 11) reported that the inhibitory effects on CYP3A4 activity were related to the ClogP (Ϫ0.06-6.22) of 46 compounds. The difference might be explained by the narrow range of ClogP for flavonoids (1.62-3.93) in our experiment. Because the inhibitory effects on CYP3A activity was weakly related to the pK a of flavonoids (Fig. 3) , the dissociative state of flavonoids in the reaction conditions might be of limited importance. We could not explain difference in the inhibitory effects only by the molecular characteristics of flavonoids; therefore, the basal structure and the substituents of flavonoids might be the factors determining the inhibitory effect on CYP3A activity.
The present study suggests that less than one hydroxyl flavones such as flavone, 3-hydroxyflavone, 5-hydroxyflavone, and 7-hydroxyflavone affect CYP3A activity very poorly, whereas more than two hydroxyl flavones such as chrysin, apigenin, baicalein, kaempferol, luteolin, morin, quercetin, myricetin, acacetin, and diosmetin inhibit CYP3A4 activity more strongly (Table 2) . These results are consistent with the report that salvigenin, which has one hydroxyl group, had only a modest effect on midazolam metabolism, whereas diosmetin and luteolin inhibited midazolam metabolism in a concentration-dependent manner. 8) Therefore, the number of hydroxyl groups may play an important role in the inhibitory effects on CYP3A activity by flavonoids.
In this study, it was suggested that the inhibitory effects on the CYP3A activity of flavones were stronger than those of flavanones (Fig. 4) . Flavones with a double bond at position 2-3 in ring C formed a planar structure but flavanones, which lack this double bond, could not. Because it has been reported that the planar structure of flavonoids is important for the inhibition of CYP1s, multidrug resistance protein 1 (MDR1), and breast cancer resistance protein (BCRP), the planar structure may be an important factor for proteinflavonoid interaction. [12] [13] [14] [15] We investigated the effects of the kind and position of substituents of the inhibitory effects on CYP3A activity. This study has suggested the increasing inhibitory effects on CYP3A activity by the attachment of hydroxyls at positions 5, 7, or 4Ј (Table 3 , B, D, G). Beyeler et al. 16) suggested that oxygen in flavonoids is a ligand of Fe 3ϩ in CYPs and that the hydroxyl at position 7 is important in the inhibition of CYPs by rat liver microsomes. Our results are consistent with this suggestion. In addition, this study showed an increase in the inhibitory effects on CYP3A activity by the attachment of hydroxyl at position 4Ј and a decrease by methoxylation of the same position. Therefore, it suggested that the formation of a hydrogen bond at position 4Ј is important in the inhibition mechanism.
In this study, it was shown that there is a strong correlation between the structure of flavonoids and the inhibitory effects on CYP3A activity. From the point of view of drug development, minor changes in the structure of drugs that have interactions with CYP3A, may be a good strategy to avoid drug interaction with CYP3A.
In conclusion, the basal structure and the substituents of flavonoids are important in the inhibitory effects of flavonoids on CYP3A activity.
